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wli@mail.neu.edu.Abstract Fracture surface features of the AL6XN super-austenitic stainless steel fatigued at different
stress amplitudes were observed by SEM and quantitatively analyzed by a fractal method. It was found
that the morphologies corresponding to three characteristic zones of fracture surface, i.e., fatigue crack
source (or initiation) zone, crack growth zone and ﬁnal rapid fracture area, are more or less related with
the applied stress amplitude Ds/2. A quantitative relationship between the total fatigue life and the
average fractal dimension of scanning proﬁle of fracture surface was experimentally established. The
lower the fractal dimension, the longer the fatigue life is. A similar change of fractal dimension with the
applied Ds/2 in the fatigue crack source and growth zones suggests that crack initiation and
propagation lives might contribute comparably to the resulting total fatigue life of the AL6XN
super-austenitic stainless steel tested under constant stress amplitude control.
& 2012. Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.esearch Society. Production
reserved.
nese Materials Research
sevier
e of Materials Physics and
eastern University, Shenyang
cn (X.-W. Li).1. Introduction
As a relatively new low carbon, high purity, nitrogen-
strengthened austenitic stainless alloy, AL6XN alloy has been
widely used in engineering applications [1]. Some investiga-
tions on the AL6XN steel have been done mainly focusing on
the corrosion resistance [2], microstructural features [3,4],
fatigue crack propagation [5,6], fatigue behavior [7], plastic
deformation behavior [8,9], etc. However, the detailed infor-
mation about the fatigue fracture features of such an alloy still
remains less. As we know, the geometrical feature of fracture
surfaces in metals can be quantitatively described by the
fractal dimension [10,11]. Li et al. [12] reported that the
Fracture surface features of the AL6XN super-austenitic stainless steel 49roughness RS and the fractal dimension DS of the fracture
surface of SiC/Al composites fatigued at different strain
amplitudes are closely related to the fatigue life Nf, i.e., the
measured RS and DS values increase but the fatigue life
decreases with increasing plastic strain amplitude. Similar
results were obtained in the cyclic creep test for two high
temperature alloys (i.e. Nimonic 75 type and A-286 type) [13].
Xiao et al. [14] found that the fractal dimension of the fracture
surface increases with increasing testing temperature for
Zircaloy-4 at the same cyclic plastic strain amplitude, and
that the fractal dimension exhibits a linear relation with the
fatigue lifetime. Another experimental analysis on a dual-
phase steel [15] demonstrated that the fractal dimension of
fatigue fracture increases with increasing stress intensity
factor. Recently, Tanaka and Kato [16] found that the fractal
dimension of fracture surface estimated in a length scale (r)
range smaller than one grain-boundary (GB) length (1 GBL) is
associated with micro-cracks or dimples in grains on the
fracture surface of SUS316 and 21Cr steels fatigued by
repeated bending. Our recent work [17] on the pure iron
containing GB micro-voids indicated that the measured value
of fractal dimension of the scanning proﬁle in the fatigue crack
growth zone is the largest as compared to those in the crack
source zone and ﬁnal rapid fracture area.
Apparently, the quantitative analysis of the fatigue fracture
surface under different fatigue conditions (e.g., stress amplitude,
strain amplitude, etc.) by a fractal method should be of great
signiﬁcance for better understanding of fatigue failure mechan-
isms of materials. Therefore, in the present work, the fatigue
fracture features of the AL6XN steel were investigated under
constant stress amplitude control, and quantitative fractal
analysis of fracture surface was carried out by the yard-stick
method [10,18] based on Mathematica programming.2. Experimental procedures
The material adopted is the AL6XN super-austenitic stainless,
whose initial microstructure consists of grains of single-phase
fcc austenite with substantial presence of twinning possibly
due to pre-thermal-mechanical treatment, as shown in Fig. 1.
The dimension of the specimens for push-pull fatigue tests
are 5 mm 1.8 mm 24 mm with a gage section of 3 mm
1.8 mm 8 mm. Before mechanical tests, all fatigue specimens
were electro-polished. Fatigue test were carried out using anFig. 1 Initial microstructure of the AL6XN super-austenitic
steel.Instron 8871 machine at room temperature in air with a frequency
of 5 Hz, under four stress amplitudes of 200MPa, 270MPa,
320MPa and 400MPa. Triangular waveform was selected. After
mechanical tests, the fracture surface morphologies were observed
by scanning electron microscopy (SEM).
The fractal dimension D of scanning proﬁles on the fatigue
fracture surface of AL6XN super-austenitic stainless at different
stress amplitudes (Ds/2) was estimated by the yard-stick method
based on Mathematica programming. Speciﬁcally, the SEM
images of fatigue fracture surfaces were analyzed by Digital
Micrograph software to get a series of scanning proﬁles, on
which quantitative measurements were then carried out to obtain
their fractal dimensions by the yard-stick method with Mathe-
matica programming. The measurements were made on different
locations of the whole fracture surface, which correspond to the
fatigue crack initiation zone, crack growth zone and ﬁnal rapid
fracture area, respectively. The scanning proﬁles were obtained
almost parallel to the crack propagation direction, i.e., perpen-
dicular to the fatigue striations. For accuracy, the obtained
fractal dimension corresponding to each zone of the fracture
surface is actually an average over measurements taken from
nine parallel scanning proﬁles.3. Experimental results and discussion
The fatigue testing data under different stress amplitudes are
shown in Table 1. The fatigue fracture surface at different stress
amplitudes were observed by SEM, and Fig. 2 just gives
representatively the whole feature of the fracture surface at
Ds/2¼320 MPa. All fracture surfaces at different stress ampli-
tudes can be divided into three zones, i.e., fatigue initiation zone,
fatigue crack growth zone and ﬁnal rapid fracture area.
At the lowest stress amplitude Ds/2 of 200MPa, the cleavage
characteristics are observed near the fracture source zone, namely,
the cleavage steps appear (Fig. 3a). When Ds/2 is raised up to
270MPa, the brittle fatigue striations are clearly observed on the
fracture source zone, which assume two kinds of morphologies
(Fig. 3b), i.e., irregular striations perpendicular to the primary
fatigue crack propagation direction, and striations comprising
cleavage steps within a twin. As Ds/2 further increases to
320MPa, the dense fatigue striations, whose spacing becomes
very small (about 0.7 mm), is observed on some local area of the
fracture source zone (Fig. 3c). At the highest Ds/2 of 400MPa,
the regular plastic fatigue striations with an average spacing of
1.5 mm form together with a few of secondary cracks in the
fracture source zone (Fig. 3d). Such serrated or faceted fracture
proﬁles are well known to be actually created by Stage I fatigue
crack propagation (or near-threshold fatigue crack growth) of
metals [19].
Fig. 4 shows microscopic features of fatigue crack growth
zones (or Stage II fatigue crack growth zone) of the AL6XNTable 1 Fatigue testing date of AL6XN super-austenitic
steels at different stress amplitudes.
Specimen no. 1 2 3 4
Stress amplitude, MPa 200 270 320 400
Fatigue lifetime, cycles 1,968,912 208,519 91,552 8863
J.-G. Yun et al.50alloy at different stress amplitudes. It is apparent that the micro-
characteristics in the fatigue crack growth zone are basically
similar at different Ds/2, featuring the formation of ductile
fatigue striations, except that the striation spacing is somewhat
different. It seems that there is a slight increase in the spacing of
striations with increasing Ds/2 (Fig. 4). Regarding the ﬁnal rapid
fracture area at different Ds/2, the micro-features are analo-
gously featured by the formation of dimples (Fig. 5).
In a word, the fracture surface features of the AL6XN steel
under constant stress amplitude control are more or less
related qualitatively with the applied stress amplitude. For
describing quantitatively the difference in these fracture
surfaces and relating them to the fatigue properties, namely,
fatigue lives, fractal measurements on these fracture surfaces
were performed as follows.
The S–N curve of fatigue life versus stress amplitude of
AL6XN stainless steel meets the Basquin relationship (Fig. 6)Fig. 2 Overall feature of the fracture surface of the AL6XN
super-austenitic steel (Ds/2¼320 MPa).
Fig. 3 SEM images of microscopic features of fatigue crack source z
amplitudes. (a) 200 MPa; (b) 270 MPa; (c) 320 MPa; and (d) 400 MPas shown by the following expression [19].
Ds=2¼ s0f ð2Nf Þb ð1Þ
where s
0
f is the fatigue strength coefﬁcient (s
0
f ¼ 1392MPa),
and b is the fatigue strength exponent (b¼–0.125). Fractal
measurements on the different areas of fracture surfaces
indicate that the fractal dimensions DI and DP of the scanning
proﬁle corresponding to the fatigue crack source zone and the
crack growth zone, respectively, increase roughly linearly with
increasing Ds/2, but the fractal dimension DF related to the
ﬁnal fracture area is almost independent of the applied Ds/2,
as shown in Fig. 6. The relationship between the fractal
dimensions DI and DP with the applied Ds/2 can be approxi-
mately expressed, respectively, by
DI ¼ 1:323þ 2:797 104ðDs=2Þ ð2Þ
and
DP ¼ 1:377þ 2:032 104ðDs=2Þ ð3Þ
Considering that the resulting total fatigue life incorporates
actually two parts, i.e., fatigue crack initiation life and crack
propagation life [19], and that the life consuming on the ﬁnal
fracture is very short and it can be neglected, a mean fractal
dimension Dm of the fracture surface is thus deﬁned by averaging
DI and DP, as given by Eq. (4), for establishing a relatively reliable
relationship of Nf with fractal dimension of fracture surface.
Dm ¼ ðDI þDPÞ=2 ð4Þ
Combining Eqs. (2)–(4) with Eq. (1), such aNf–Dm relationship
can be ﬁnally obtained as
Nf ¼ 8:122 105ðDm1:350Þ8 ð5Þ
Clearly, Eq. (5) gives quantitatively the relationship
between the fatigue life and the average fractal dimension of
scanning proﬁle of fracture surface for the fatigued Al6XN
steel under constant stress amplitude control. The greater theones of AL6XN super-austenitic steel specimens at different stress
a.
Fig. 4 SEM images of microscopic features of fatigue crack growth zones of AL6XN super-austenitic steel specimens at different stress
amplitudes. (a) 200 MPa; (b) 270 MPa; (c) 320 MPa; and (d) 400 MPa.
Fig. 5 SEM images of microscopic features of fatigue ﬁnal rapid fracture areas of AL6XN super-austenitic steel specimens at different
stress amplitudes. (a) 200 MPa; (b) 270 MPa; (c) 320 MPa; and (d) 400 MPa.
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enon seems to be similar with that found with SiC/Al
composites fatigued at constant plastic strain amplitude
control [12], but the implicit mechanism is quite different.
Regarding SiC/Al composites, with increasing plastic strain
amplitude, the plastic area at the crack tip enlarges and the
number of SiC particles participating in nucleating cracks
increases due to the highly localized stresses that develop in
the Al matrix around the SiC reinforcement particles, leading
to the decrease in fatigue life but to the increase in roughness
(or fractal dimension) of fracture surface [12]. In contrast, for
the present AL6XN super-austenitic stainless steel, the fatigue
deformation should be mainly governed by dislocationslipping [7,9]. The higher the applied stress amplitude (corre-
sponding to shorter fatigue life), the stronger the operation of
slip systems, and the more violent slip cracking would be,
leading to a rougher fracture surface, i.e., a greater fractal
dimension. In particular, with increasing Ds/2, the micro-
features with brittle cleavage steps and brittle fatigue striations
in the fatigue crack source zone changes gradually into
features with regular fatigue striations and the formation of
secondary cracks, giving rise to a more rapid increase of
fractal dimension in the fatigue crack source rather than the
fatigue crack growth zone, as compared by Eqs. (2) and (3)
and also in Fig. 6. In view of a similar change of fractal
dimension with the applied Ds/2 in the fatigue crack source
Fig. 6 S–N curve of fatigue life vs. stress amplitude, as well as the
variation of fractal dimensions D (DI, DP and DF) measured in
different areas of fracture surfaces with stress amplitude.
J.-G. Yun et al.52and growth zones, the number of fatigue cycles consuming for
the fatigue crack initiation and propagation is speculated to be
comparable. However, an accurate quantitative estimation of
the varying degrees to which the role of crack initiation and
crack growth are incorporated in the total fatigue life is still
difﬁcult. Anyhow, a good correlation between the total fatigue
life and the fractal dimension estimated from fracture surface
can be obtained as Eq. (5) in the present work.4. Conclusions
Fatigue fracture features of the AL6XN stainless steel under
different stress amplitudes were examined by SEM and analyzed
by a fractal method. The following conclusions can be drawn.(1) The fatigue fracture features are more or less related with
the applied stress amplitude. With increasing Ds/2, the
micro-features with brittle cleavage steps and brittle fatigue
striations in the fatigue crack source zone changes gradually
into features with regular fatigue striations and the forma-
tion of secondary cracks. In contrast, the fatigue crack
growth zones for all samples are similarly featured by the
formation of ductile fatigue striations, and the ﬁnal rapid
fracture areas correspond to the formation of dimples.(2) A quantitative relationship between the total fatigue life
and the average fractal dimension of scanning proﬁle of
fracture surface is obtained for fatigued Al6XN steels
under constant stress amplitude control. The greater the
fractal dimension, the shorter the fatigue life is. A similar
change of fractal dimension with the applied Ds/2 in the
fatigue crack source and growth zones implies that crack
initiation and propagation lives might contribute com-
parably to the total fatigue life.Acknowledgments
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